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Abstract
Flood basalts are receiving increasing attention as possible host formations for geologic sequestration of anthropogenic CO2, with studies 
underway in the U.S., India, Iceland, and Canada.  Our previous laboratory studies with Columbia River basalts showed relative quick
precipitation of carbonate minerals compared to other siliclastic rocks when batch reacted with water and supercritical CO2.  In this study, our 
prior work with Columbia River basalt was extended to tests with basalts from the eastern U.S., India, and Africa.  The basalts are all similar in 
bulk chemistry and share common minerals such as plagioclase, augite, and a glassy mesostasis.  Single pass flow through dissolution 
experiments under dilute solution and mildly acidic conditions indicate similar cation release behavior among the basalt samples tested.  
Despite similar bulk chemistry and apparent dissolution kinetics, long-term static experiments with CO2 saturated water show significant 
differences in rates of mineralization as well as precipitate chemistry and morphology.  For example, basalt from the Newark Basin in the U.S. 
is by far the most reactive of any basalt tested to date.  Carbonate reaction products for the Newark Basin basalt were globular in form and 
contained significantly more Fe than the secondary carbonates that precipitated on the other basalt samples.  Calcite grains with classic 
“dogtooth spar” morphology and trace cation substitution (Mg and Mn) were observed in post-reacted samples associated with the Columbia 
River basalts.  Other basalts produced solid precipitates with compositions that varied chemically throughout the entire testing period.  Polished 
cross sections of the reacted grains show precipitate overgrowths with irregular regions outlined by dark and bright layers indicative of 
zonations of different compositions.  Chemical differences in the precipitates indicate changes in fluid chemistry unique to the dissolution 
behavior of each basalt sample reacted with CO2 saturated water.   The Karoo basalt appeared the least reactive, with very limited 
mineralization occurring during the testing period.   Additional experiments conducted using mixtures of H2S and CO2 unexpectedly changed 
the relative reactivity of the basalts.   For example, the Karoo basalt was highly reactive in the presence of aqueous dissolved H2S and CO2,
evident by small nodules of carbonate coating the basalt grains after 181 days of testing.  However the most reactive basalt in pure CO2,
Newark Basin, formed limited amounts of carbonate in the presence of H2S.  Basalt reactivity in pure CO2 appears to be controlled by the 
glassy mesostasis chemistry, which is the most reactive component of basalt.  With the addition of H2S, the reactivity appears to be controlled 
by precipitation of insoluble iron sulfides as coatings on the basalt grains.      
Keywords: mineralization; geologic sequestration 
1. Introduction 
During the past century, including the industrial revolution, combustion of fossil fuels has increased, with the most significant
change coinciding with the conclusion of the second world war.  Consequently, the resulting increase of atmospheric carbon 
dioxide from 280 ppm to the present level of 368 ppm, has produced a measurable increase in the global mean surface 
temperature by 0.4 to 0.8°C above the baseline of 14.1°[1].  As reported by the IPCC WGI in the Fourth Assessment Report [2], 
atmospheric concentrations of CO2 far exceeds the natural range over the last 650,000 years as determined from ice cores.  This 
small change in temperature has far reaching effects for the global climate, including changing weather patterns such as increased 
extreme weather and rising sea levels.   Implementation of renewable energy options coupled with a reduction of anthropogenic 
carbon dioxide emissions through conservation and more energy efficient technology cannot alone mitigate the increase of CO2
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emissions significantly.  Continued use of fossil fuels and in fact projected increases require investments targeting capture and 
subsequent sequestering of CO2 emissions to ultimately reach globally stable CO2 concentration. 
Geologic storage of CO2 has been proposed that includes permanently converting the CO2 into stable carbonate minerals such 
as calcite.  Volcanic flood basalt provinces are currently being considered as a geologic storage option for anthropogenic carbon 
dioxide.   A detailed evaluation of the potential for basalts such as the Columbia River Basalt for permanent geologic 
sequestration of CO2 has been presented by McGrail et al., [3].  The unique chemical make up of basalt formations, coupled with 
the natural alternating sequences of permeable and dense layers make these formations potentially attractive storage units for acid 
gases, primarily CO2.  The instability of basalt when exposed to formation waters saturated with CO2, causes the release of 
carbonate forming cations and subsequently, the precipitation of carbonates, mainly calcite.  Unlike other sequestration options, 
basalt formations permanently sequester the CO2 by converting it into a stable carbonate mineral.   
The objective of this work is to evaluate CO2-water-basalt interactions through long term, static, high pressure supercritical 
CO2 experiments.  Conversion of CO2 into stable carbonate minerals through continuing exposure to basalt rocks at reservoir 
conditions demonstrate the potential of these formations as long term CO2 storage units.  CO2 charged formation waters are 
reacted with five basalt samples collected from North America, India, and Africa.  Furthermore, to examine the effects of minor
contaminates associated with a CO2 emission stream, H2S containing CO2 experiments were also conducted.  The basalt grains 
were exposed to CO2 rich formation waters up to 1351 days; H2S containing experiments ran for 181 days.  Morphology and 
chemistry of carbonate and sulfide precipitates were examined and compared throughout the experiments.   
2. Experimental Setup 
Experiments were conducted using 25 ml Parr pressure vessels constructed from T4 grade Titanium.  Preparation of basalt 
samples included crushing and sieving to collect the 2.00 mm to 0.42 mm (-10 to + 40 mesh) size fraction.  Washing of the 
samples was conducted according to the standardized PCT method (ASTM, 1994).  Deionized water and a 99.9% pure 
instrument grade CO2 were used throughout the duration of the experiments.  Hydrogen sulfide (H2S) was purchased from 
Matheson Tri-Gas and had a certified purity of 99.5%.  Initially, 25 g of each basalt sample was placed inside a Parr reactor 
before the addition of 12 mls of deionized water.  Each reactor was capped and pressurized with CO2 to a range between 6.2 and 
6.7 MPa.  Reactors containing H2S were pressurized with a mixture of 15,000 PPM H2S and CO2.  Following heating of the 
reactors, the pressure typically increased to ~10.3 MPa or higher.  Reactors were maintained at either 60°C or 100°C and 
repressurized with CO2 as needed throughout the duration of the experiments. 
Solubility of aqueous dissolved CO2 in the reactors was calculated using an equation of state developed by Duan and Sun [4].  
With input parameters of 10.34 MPa CO2 at 100°C, the solubility of CO2 in pure water was determined to be approximately 0.80 
(mol/kg).  Estimates of CO2 solubility in the pore fluids containing cations decreased only slightly and did not seem significant in 
these types of studies.  Post reacted grains were mounted in epoxy and polished to reveal cross-sections, which were then imaged
using scanning electron microscopy (SEM).  Chemical data on the precipitates and grains were obtained with SEM energy 
dispersive x-ray (EDX) analysis.  Chemical data obtained by EDX were recalculated into carbonates by assuming all cations are 
balanced by CO32- [5]. 
3. Basalt Samples and Sampling Location 
The Columbia River basalt (CRB) sample used in this study is identified as flow top from the Grand Ronde Basalt Formation.  
The vesicular flow top basalt was collected near Vantage, Washington, along interstate 90 directly east of the Ginkgo Museum 
on the east side of the Columbia River from an exposed outcrop.  The flow top sample is part of the Sentinel Bluffs Member and 
is dominated by fine- to medium-grained pahoehoe-like flows [6]. Reidel [6] and USDOE [7] describe the mineralogy of the 
Grand Ronde Basalt Formation as being dominated by plagioclase (An40 to An60) (25-48 wt%), augite (Wo40En40Fs20 to 
Wo30En30Fs40) (20-32 wt%), and pigeonite (Wo13En50Fs37 to Wo9En64Fs29) (0-10 wt%), with trace amounts of orthopyroxene, 
titaniferous magnetite grains, and ilmenite.  X-ray diffraction (XRD) data collected on this sample is consistent with these 
findings.   Thin section mounts revealed the presence of a non-crystalline glassy mesostasis component, which has been reported
to range between 20 to 60 wt% in lava flows from the Grand Ronde Basalt Formation [7]. 
Subsurface basalt samples representing the Central Atlantic Mafic Province (CAMP) were obtained from the South Carolina 
Department of Natural Resources which represented core from USGS Test Well DOR-211.  The test well, located near 
Charleston, South Carolina, penetrated basalt between a depth of 1939 ft and 1962 ft and bottomed out in basalt at 2067 ft [8].
The core interval selected for high pressure testing was from a depth of 2042’.  The sample was dark and dense with no signs of
weathering.  Detailed descriptions of core samples of the basalt down to 2067’ are provided by Reid et al. [9].  Generally the 
basalt is described as being a fine-grained mafic rock with pyroxene (~30%) and olivine (<2%) in a groundmass of feldspar 
microlites and altered glass.  Pyroxene is comprised mostly of hypersthene and augite.  Small phenocrysts of zoned plagioclase 
were reported to have composition above AN30-AN40.    
Representing Newark Basin basalt (NB) was a sample collected from a roadside outcrop near Branford, Connecticut.  The 
basalt sample correlates well with the Holyoke basalt, common to the southern part of Connecticut.   The Holyoke basalt is one 
of three distinct basaltic units in the Hartford Basin dating back to early Jurassic time [10].  Petrographic analysis by Philpotts 
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[10] describe the Holyoke basalt as containing millimeter-size plagioclase phenocrysts in a groundmass of plagioclase, augite, 
and pigeonite.  Minor amounts of olivine along with interstitial magnetite and granophyre were also reported.    
Basalt samples representing the Deccan in Western India were provided by Dr. Edward Beane at the University of 
Washington.  The Deccan basalt sample selected for testing, JEB-038, was originally collected near Ghod in the Western Ghats, 
India and represents the Khak Dongar flow, which is part of the Khandala Formation [11].   The Khak Dongar flow is described 
by Bean et al. (1986) as being a crudely jointed flow base of fine-to medium grained, dark-gray, rusty weathering basalt.  In thin 
section analysis 3-10 mm plagioclase tablets, thoroughly altered 0.5 mm olivines, and 0.5-1mm augite glomerocrysts are set in an
intergranular groundmass of plagioclase laths, granular augite, pigeonite and opaques, and interstitial altered glass [11].    
Outcrop basalt samples from the Karoo Formation were collected from South Africa provided by Dr. Hooper from the 
University of Washington.  The sample tested, TRA-45, was collected from Southern Africa.  Details of sample locations, 
provided by Duncan et al. [12], place the TRA sample series as being collected from dikes and sills common in the Transvaal 
group which is positioned between the main Lesotho and Lebombo lava sections.  Although Duncan et al. [12] does not describe 
this exact sample, the authors generalize most samples collected from the Transvaal group are typically fine-grained, sparsely 
plagioclase-phyric rocks.  The original sample was reddish brown and weathered. 
4. Basalt Chemistry 
Whole rock chemistry on each basalt sample was determined by x-ray fluorescence (XRF).  Major chemical components are 
similar among the basalts with few exceptions.  The most notable difference is the higher amount of FeO and TiO2 in the Deccan 
basalt.  Compared to other Deccan basalt samples reported by Beane et al. [13], chemical analysis clearly distinguishes this lava
flow from others in the Deccan, primarily by the higher amounts of TiO2 and FeO.  This appears to be consistent with basalt 
samples selected for this study as well.  Also important to note is the consistent amount of CaO present in each sample, which 
has a narrow oxide wt% range between 8.82 and 9.92.   Major carbonate forming cations (Mg, Ca, and Fe) comprise between 
26.6 and 29.1 oxide wt% of the basalts. 
Bulk mineralogy for the basalt samples was determined by x-ray diffraction (XRD).  Plagioclase feldspars and pyroxenes are 
the major crystalline components in these basalts.  Minor amounts of quartz and olivine were also identified in most samples.  
Secondary mineral phases such as carbonates, clays, and zeolites were detected in a few of the more weathered samples.  From 
the available published literature, glassy mesostasis components ranged from <210 wt% (CRB) to as much as 95 wt% (Deccan 
basalts).  Overall the basalt samples appeared very similar in mineralogy to the CRB with only minor differences observed in the
secondary phases. 
Petrographic modal analyses based on 300 equally spaced data points were conducted on each basalt sample.  Volcanic glass, 
the most abundant phase in the CRB (45.3 wt%), ranged between 20.7 wt% (JEB) and 30.7 wt% (DOR) for most of the basalts 
examined.  Plagioclase feldspar ranged from a low 35.3 wt% (CRB) to as high as 48.6 wt% (JEB).  Finally, the third major basalt
component, pyroxene, appearing as lightly colored grains with simple twinning was estimated between 18.3 wt% (CRB) and 30.8 
wt% (TRA).  Only minor amounts of magnetite were detected in these basalts. 
Microprobe analyses on polished sections of unreacted basalt grains were used to establish an average chemistry for major 
basalt components: plagioclase, pyroxene, and interstitial glass, all of which are common to each basalt.  Examination of 70 
plagioclase grains by microprobe show the chemistry ranges between An37 and An68.  No significant chemical differences were 
detected between the plagioclase grains among the five different basalts.  The second most abundant phase, clinopyroxene, was 
examined and results, based on the chemical system CaSiO3-MgSiO3-FeSiO3, showed similar chemistry, close to augite and 
more Fe and Mg rich pyroxenes; only a few outliers were noted.   
Chemical composition of glass phases common to each basalt was also determined by EDX.  Compared to an average 
chemical composition of glass associated with DOR and JEB, the CRB glass chemistry is very similar.  Concentrations of Al3+
(normalizing to one Si atom) range between 0.21 and 0.35, 
which are similar to Fe2+ (0.16 to 0.35).  Glass from the TRA 
basalt contained about twice the amount of Mg2+, (0.21) 
compared to all the others, but otherwise was not significantly 
different.  The standout feature in the glass chemistry is the 
high Na+ (0.13) content for the glass phase in the NB basalt, 
nearly triple the concentration in the other basalt samples.  
Sodium in silicate glasses is a “network breaking” component 
that introduces non-bridging oxygens into the structure.  As a 
result, higher Na content glasses are less durable and are 
subject to secondary reaction processes, such as ion-exchange 
[14]. 
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Figure 1 Pressure as a function of time for static tests with the 
5. Results
Initially, static high pressure CO2-H2O experiments were 
conducted on samples from the CRB for 86, 225, 377, 777, and 
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1334 days.  Testing of additional basalt samples (CAMP, Deccan, NB, and Karoo) were initiated in the following years.  
Monitoring the CO2 pressure in each reactor provided some indication of reaction rates between the CO2 and basalt grains.  No 
significant pressure drops were observed with the CRB experiments.  However, as shown in Figure 1, significant CO2 pressure 
drops were associated with the NB reactor throughout the entire testing duration; the result of CO2 reacting to form carbonate.  
Pressure increases associated with the NB reactor are from the addition of CO2 up to 10.32 MPa.  A duplicate reactor containing 
the NB sample was started to confirm the rapid consumption of CO2.  Similar pressure drops were observed over the 568 day test 
duration.  Only minor pressure variations were detected in the other reactors and were predominantly associated with temperature
differences.  Test with H2S and CO2 were conducted for 181 days and did not show any significant pressure fluctuations during 
the testing period. 
5.1. Columbia River Basalt Experiments 
Figure 2 SEM photo of carbonate precipitate 
from CRB basalt (377 Day)
Columbia River Basalt grains reacted with supercritical CO2 (100°C) 
were examined under a low powered light microscope.  The most common 
type of carbonate precipitates were small nodules displaying “dogtooth 
spar” morphologies commonly associated with calcite growth.  Carbonate 
cementation of basalt chips were observed in the longer testing periods 
(377, 777, and 1334).  A few basalt grains showed thin, almost compete 
coatings of carbonate which appeared to be have no correlation with 
duration.  Characterization of post reacted CRB grains, by scanning 
electron microscopy (SEM), illustrate a surface of well defined carbonate 
crystals.  For example, Figure 2 shows the surface of a precipitate on a 
CRB grain after 377 days of testing.  The carbonate surface consists of step 
sequenced crystal growth, a classical morphology of carbonate minerals.  
The particle chemistry, determined by EDS, is dominated by Ca, with 
minor amounts of Fe, Mg, and Mn. 
Detailed chemical analysis of the precipitates observed with CRB after 
reaction with CO2 was conducted with EDX on polished sections of grains 
mounted in epoxy.  Carbonates associate with the CRB 377 day testing 
(Figure 3) are attached to three basalt chips.  In this example, 
chemistry was collected by EDX from six spots transversing across the 
surface of the polished grain (Figure 3).  Chemical results were 
converted to carbonate in relative contributions (wt%) for CaCO3,
(FeMn)CO3, and MgCO3 [5]. Calcite (CaCO3) concentrations ranged 
between 68 and 93 wt%, with the highest concentrations collected in 
the center (spot 4).  The carbonate grain contained appreciable 
amounts of MgCO3 (2.32-12.54 wt%) and MnCO3 (4.22-15.59 wt%), 
with no apparent trends.  Outer edges of precipitate were rich in iron, 
unlike the centers which typically had no detectable iron.  Overall 
FeCO3 concentrations ranged from below detectable limits (BDL) to 
as high as 15.14 wt%.  Similar analyses on reacted grains collected 
from 225 days of testing indicated CaCO3 concentrations exceeding 
90%, with minor amounts of MgCO3 (1.7-3.6 wt%) and MnCO3 (BDL 
– 7.9wt%).  Out of 14 chemical analyses collected on the 225 day 
sampling; concentrations of FeCO3 were BDL.  A limited amount of 
chemical characterization (EDX) conducted on grains from the 1377 
day testing indicated pure CaCO3.
Figure 3 SEM image and EDX locations from polished 
section of post reacted CRB grains cemented together 
by calcite (377 days) 
Figure 4 Optical images of post reacted basalt 
grains of after 230 days of testing (10.3 MPa CO2,
100°C).
5.2. Deccan, CAMP, Newark Basin, and Karoo Basalt Experiments 
Post reacted grains from CAMP (DOR), Deccan (JEB), and the 
Newark Basin (NB) representing 230 and 854 days of testing all 
contained carbonate precipitates.  Reaction products associated with 
the CAMP were typically clear to yellowish green and displayed 
“dogtooth spar” morphology, similar to the CRB. Carbonate cement 
was common in both tests (230 and 854 day).  Larger, more opaque 
precipitates were observed on grains from the Deccan, which, 
compared to the 230 day samples, were often three to four times larger 
in size.  The Deccan also showed signs of weathering (854 day) in the 
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form of a reddish brown stained grains, not observed in the shorter, 230 day testing results.   
Basalt chips from the NB under went the most visible transformation over the long 854 day testing than any other basalt 
tested.  Carbonate nodules, both slightly yellowish in color to opaque, were observed covering the basalt grains (Figure 4).  Iron 
staining present in the 230 day test results were less prominent as were the large carbonate precipitates.  Individual surface 
precipitates measured approximately 60 micrometer and often formed aggregates or coating on the grains.  Finally, the basalt 
representing southern Africa (Karoo) appeared the least reactive.  A limited number of grains showed signs of weathering, but 
these were uncommon.  Few carbonate precipitates were identified by optical microscopy as being associated with this basalt. 
Chemical characterization of secondary precipitates by EDX were 
conducted on polished thin sections of grains collected from each 
basalt sample tested corresponding to 230 and 854 days of testing.  
Generally, the precipitates displayed chemical evidence of changing 
pore fluid chemistry.  Examination of secondary precipitates associate 
with Deccan showed striking chemical changes in the form of clear, 
sharp chemical boundaries, indicative of evolving pore fluids (Figure 
5).  Chemical analyses of 230 day reaction product show CaCO3 (66.0 
– 82.0 wt%) with appreciable amounts of MgCO3 (9.1 – 22.0 wt%) 
and less FeCO3 (3.1 – 15.0 wt%) and MnCO3 (2.1 – 5.3 wt%).  
Increasing the time to 854 days produced CaCO3 precipitates higher in 
MgCO3 (15.0-26.0 wt%).  For example, a large carbonate nodule 
attached to a Deccan grain was examined by EDX in eight spots 
transversing the grain (Figure 5).  Initially carbonate precipitation was 
chemically similar to 230 day results which include analyses collected 
from spots 4 – 7.  However, the image in Figure 5 shows two bright 
rings developed towards the latter part of the testing which were not 
observed in the shorter 230 day testing.  These rings are concentrated in iron and when converted to FeCO3 show levels as high 
as 66.1 wt%. 
Figure 5 SEM image and EDX locations from polished 
section of a carbonate precipitation attached to Deccan 
(JEB) grain (854 days) (100°C). 
Grains representing the CAMP, for both the 230 and 854 day tests contained carbonate nodules or growths that displayed 
chemical variations.  Calcite areas were typically located in the center, with iron rich sections occurring on the outer edges.  For 
example, chemical analyses collected across a carbonate precipitate showed FeCO3 concentrations near 65 wt%.  Towards the 
center of the precipitate, FeCO3 concentrations decrease, resulting in CaCO3 concentrations as high as 76.5 wt%.  Outer most 
edges of precipitates often had “dogtooth spar” morphology and chemistry consistent with CaCO3.  Other carbonate cations such 
as Mg were detected in the precipitates with concentrations (MgCO3) ranging between 3.28 wt% (center) to 12.95 wt%.   These 
results were similar to the reaction products associated with the Deccan. 
In comparison, SEM microphotographs and chemical analyses (EDX) of polished thin sections from the NB after 230, 591, 
and 854 days of testing were significantly different from any other basalt tested.  Secondary precipitates were chemically zoned,
but instead of sharp chemical boundaries, as seen in the CAMP and Deccan, the precipitates displayed obscure chemical 
transitions.  Chemistry determined by EDX revealed significant chemical variations between Ca, Fe, Mg, and Mn throughout 
each precipitate.  The amount of FeCO3 was consistently high, ranging between 18 wt% (230 day) and 72 wt% (854 day).  Areas 
deficient in Fe typically contained high amounts of Mn.  As with the other post reacted products, increases in FeCO3 trended 
outward from the center of the particles.  Calcite (CaCO3) content in the NB 854 day sampling ranged between 21.0 – 52.5 wt% 
and was the lowest measured in any of the basalt precipitates tested. 
5.3. High Pressure SCCO2 with 15,000 PPM H2S
High-pressure static experiments exposing basalt chips to 
aqueous dissolved CO2 and H2S were conducted for 180 days at 
elevated temperatures (60°C) and pressure (10 MPa).  Grains 
associated with the CRB, Deccan, and CAMP were visually altered 
and contained large carbonate precipitates.  Minor cementing of 
individual grains occurred but could easily be separated.  Also 
visible under the optical microscope were metallic-like coatings on 
basalt grains.  The metallic-looking coatings did not contain 
carbonate, which was confirmed by no reaction when contacted 
with a weak solution of HCl.  Carbonate precipitates were generally 
white and mostly appeared circular with a globular morphology.  
No individual crystal faces were visible, an observation made in 
earlier SCCO2 static experiments.  Additional characterization was 
conducted on precipitates (CRB, Deccan, and CAMP) by mounting 
grains in epoxy and polishing to reveal detailed cross sections in 
the SEM.  In cross section view, precipitates appear as irregular 
Figure 6 SEM image collected from the polished section 
of a pyrite coated Newark Basin basalt grain after 181 
days of testing (15,000 PPM H2S) at 10.34 MPa SCCO2
(60°C). 
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shaped appendages extending out from the basalt grain boundary.  Outer edges appear lighter giving the appearance of a rhine or
coating.   The average size of these precipitates ranged from <25 m to as large as 500 m.    
Characterization of polished sections by scanning electron microscopy (SEM) and energy dispersive x-ray (EDX) revealed 
Ca-dominated carbonate phases containing minor amounts of Mg, Mn, and Fe.  Towards the outer edges of these precipitates, 
chemistry transitioned into a uniformly thick Fe-dominated layer, measuring ~20 m.  The Fe-rich layer did not contain S, but 
has chemistry similar to an Fe carbonate with minor substitutions of Ca, Mg, and Mn.  Associated with both the Ca and Fe 
carbonate phases is a Fe-S phase, visible as bright spots of rosettes 5 m or less in diameter.   These bright spots are chemically
similar to pyrite (FeS) and appear to have co-precipitated with the carbonate phase.  Other EDX analyses taken from bright areas
showed pure Fe and S. 
Newark Basin grains were also characterized with the stereoscope at lower magnifications and were found to be similar in 
appearance to the CRB grains, but lack the massive carbonate precipitates.  Grains appeared slightly weathered, with some signs
of surface alteration, visible as lightly colored patches on the surfaces.  Examination of the same grains with the optical 
microscope revealed a few isolated carbonate precipitates and metallic-looking coatings.  The carbonate precipitates appeared to
form between the reactor wall and a basalt grain.  Chemistry, determined by EDX, showed the precipitates were Ca dominated, 
with lesser amounts of Fe, Mg, and Mn.  Outer edges of the carbonates were Fe rich, but still contained appreciable amounts of 
Ca and Mg. 
Metallic coatings on the NB grains were easily identified under the optical microscope.  Most grains contained some degree of 
metallic-looking coating, which often appeared silver and shiny.  
Using the polished cross section mounts in the SEM, the metallic-
looking coating is well contrasted with the different minerals of the 
basalt.  Visible in Figure 6 are bright coatings, thick and uniformly 
outlining the NB grain.  Under SEM, iron-rich phases appear white.  
Scanning electron microscopy and EDX analysis indicated a pure iron 
and sulfur phase.  This type of reaction product was observed with 
other basalts (CRB, JEB), but not to this extent. 
Figure 7 Optical image collected Karoo basalt grain 
after 181 days of testing (15,000 PPM H2S) at 10.34 
MPa SCCO2  (60°C). 
Reacted grains from the Karoo appear greenish grey and mostly 
unaltered when viewed with the stereoscope at low magnification.  
Closer examination at higher magnifications shows a metallic-looking 
coating on the grains, similar to coatings observed on other post-
reacted grains.  Metal-like flakes were not identified as a post-reacted 
product with the Karoo.  Examination at higher magnifications with 
the optical microscope revealed tiny carbonate nodules covering the 
surface of most grains.  Figure 7 is an example of the precipitates, 
which were found to occur on the surfaces of small and large basalt 
grains.  The precipitated nodules were opaque with a slight yellowish 
color.  The nodules were small, less than 500 m in diameter and 
reacted when exposed to dilute HCl.    
5.4. XRD
Crystalline phase identification of the carbonate coatings associated with the CRB (1381 day), CAMP, Deccan, and NB from 
the 854 day reacted grains were determined by XRD using a micro focused beam.  Fines collected were gently crushed and 
transferred into small diameter (0.4 mm) thin walled capillary tubes (Charles Supper Company).  Pure calcite and siderite 
standards were analyzed using the same method described above, producing XRD tracings matching PDF# 47-1743 and PDF# 
83-1764, respectively.  Resulting XRD patterns indicate the coatings associated with the CRB were a close match to Mg-calcite, 
(Ca,Mg)CO3 (PDF# 43-0697).  Coatings and precipitates removed from the post reacted CAMP and Deccan basalt grains 
produced XRD tracings consistent with calcite containing minor amounts of Mg (PDF# 86-2335) and Mn (PDF# 2-0714).  
However, the most prominent reflection was assigned to rhodochrosite (PDF# 7-0268), a Mn carbonate (MnCO3).  Patterns 
collected from the NB precipitates appear to match the calcite phase containing Mn (PDF#2-0714) and rhodochrosite (PDF# 07-
0268), which were both identified in the CAMP post reacted phases.  No reflections consistent with siderite (PDF# 83-1764) 
were observed in any XRD tracings.  Characterization of products collected from the H2S-CO2 experiments indicated pyrite 
(PDF# 42-1340) as the main sulfide bearing phase.  Reflections consistent with marcasite (PDF# 37-0475) were also identified 
by XRD as occurring with the precipitates.  Carbonate precipitates removed from the CRB experiments (H2S-CO2) were 
examined by XRD and were determined to be a close match to magnesium calcite (PDF# 43-0697).   
6. Discussion
High-pressure experiments exposing basalt chips to aqueous dissolved SCCO2 for up to 1334 days resulted in carbonates 
forming within pore spaces and directly on surfaces of individual basalt grains.  Although samples tested were chemically and 
mineralogically similar, reaction products contained features (chemically and morphologically) unique to each basalt.  Classic 
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carbonate morphologies were observed in precipitates associated with the CRB, Deccan, and CAMP basalts.  Carbonate textures 
ranged from blocky to granular with well developed crystal faces.  Precipitates were large, often cementing grains together or 
coating surfaces of entire grains.  Chemically, more cation substitution (Mg, Mn, and Fe) occurred with the Deccan and CAMP 
compared to the CRB.   Deccan and CAMP precipitates contained sharp chemical boundaries, usually calcite centers 
transforming into irregular shaped areas containing significantly more Mg, Mn, and Fe.    Typically outer edges of the carbonate
precipitates contained the most Fe.  Chemical analyses conducted on precipitates from the CRB showed a pure calcite, with 
limited amounts of Mg, Fe, and Mn substitution.   
The most reactive basalt, NB, produced botryoidal shaped particles with no distinct crystal faces, often appearing as massive 
surface coatings on individual grains.  Based on pressure recordings (Figure 1), the NB rapidly reacts with aqueous dissolved 
SCCO2 forming carbonates.  Cross section views of NB precipitates reveal extensive chemical zoning, with Fe and Ca being the 
dominate cations.  Characterization by XRD indicated calcite phases containing Mn and Mg were present, unlike the CRB, 
Deccan and CAMP carbonates, which were identified as having pure calcite.  Showing limited reactivity with aqueous dissolved 
CO2 was the Karoo basalt from Africa.  Other than a slight color change, the Karoo grains appeared mostly unreacted with only 
few small carbonate precipitates identified.   
One possible factor controlling reaction rates between 
the basalts can be found by examining the chemistry of 
the glassy mesostasis.   Compared to an average 
chemical composition of glass associated with DOOR 
and Deccan, the CRB glass chemistry is very similar 
(Table 1).  Glass from the Karoo basalt contained the 
most Mg2+, which could increase the glass durability.  
However the standout feature is the high Na content for 
the glass phase in the NB basalt, nearly triple the 
concentration in the CRB.  Sodium in silicate glasses is a 
“network breaking” component that introduces non-
bridging oxygens into the structure.  As a result, higher 
Na content glasses are less durable and are subject to secondary reaction processes, such as ion-exchange[14]. 
Table 1. Average glass composition associated with each basalt 
(CRB, DOOR, JEB, TRA, and NB) determined from microprobe 
data after normalizing to one Si atom.   
Basalt
Glass Al Fe Mg Ca Na K Mn Ti O
CRB 0.21 0.19 0.13 0.03 0.05 0.01 0.002 0.015 3.25 
CAMP 0.26 0.26 0.17 0.15 0.02 0.03 0.001 0.006 3.01 
JEB 0.15 0.35 0.12 0.06 0.01 0.002 0.001 0.008 2.77 
TRA 0.24 0.29 0.31 0.02 0.04 0.02 0.004 0.004 3.01 
NB 0.35 0.16 0.10 0.09 0.13 0.027 0.002 0.02 2.98 
High-pressure static experiments exposing basalt chips to aqueous dissolved CO2 and H2S were conducted for 180 days at 
elevated temperatures (60°C) and pressure (10 MPa).  Characterization of post reaction products show formation of carbonates 
(calcite) and iron sulfides (pyrite & marcasite) on the basalt grains.  The CRB contained large carbonate precipitates cementing
grains together inside the reactor.  Other basalts such as the Deccan and CAMP formed similar carbonate precipitates.  Polished
cross sections of grains show carbonate nodules with chemical zoning, similar to earlier tests using pure CO2.  The carbonates 
have a calcite center and Fe-rich rims.  Detailed imaging by SEM show iron-sulfide particles incorporated within the carbonate 
precipitates on the CRB.   Carbonates were expected to form as reaction products on these basalt samples based on previous 
experiments.  Reactivity rates among the basalts were also varied; in pure CO2, the NB basalt has consistently been the most 
reactive basalt we have tested and the Karoo being the least reactive.  With the addition of H2S to the system, the reactivity 
among the basalts changed dramatically.  For example, in the aqueous dissolved gas system containing CO2 and H2S, reactions 
with Karoo basalt produced substantial carbonate solids within 180 days whereas little to no precipitates were observed with pure
CO2.  Exposure of post reacted Karoo grains to dilute HCl produced fizzing, visible with the optical microscope indicating the 
presence of calcite. 
In contrast, basalt chips from the NB appear to precipitate more pyrite coatings on grains compared to carbonate.  Flakes of 
pyrite and marcasite were common among the CRB, NB, and Deccan.  No other basalt appeared to react with the CO2-H2S to 
form such prominent pyrite coatings as the NB.  However, the pyrite coating may have formed a coating or protective layer on 
the surface of the NB grains as significantly less carbonate formation was observed than has been standard in our tests with pure 
CO2 and NB basalt.  The formation of pyrite as a reaction product between Fe-bearing sediments and CO2-H2S has been 
predicted by Palandri and Kharaka [15].  Injection of CO2 with H2S as a contaminate into a sandstone formation was recently 
modeled by Xu et al.[16].  These authors concluded that co-injection of H2S compared to CO2 alone does not significantly effect 
the pH distribution, mineral alteration, or CO2 mineral sequestration in a sandstone formation.   
Reaction products in a CO2/H2S sequestration system are dependent on the type of geologic formation.  Minerals such as 
calcite and pyrite, which formed between the interaction of basalt and aqueous dissolved CO2-H2S, were expected.  Examples of 
pyrite and carbonate co-precipitating in nature are described by Paktunc and Dave [17] and appear to have similar morphologies 
and chemistries to our findings.  Geochemical simulations by Palandri and Kharaka [15] support these finds by predicting staged
precipitation of siderite (carbonate) and pyrite with an aqueous dissolved gas mixture of CO2/H2S in a quartzite formation 
containing trace amounts of hematite (0.25 wt%).  The lack of carbonate forming ions such as Ca, Mg, and Mn prevented 
formation of other carbonates (calcite solid solution series).  For comparison, iron content for basalt samples tested ranges 
between 10.96 and 14.26 wt%, with most of the Fe associated with the glassy mesostasis and mafic minerals. 
A recent paper by  Flaathen et al. [18] suggests that addition of sulfate into the basalt-water system enhances the dissolution
rate of the glassy mesostasis in the basalt by complexing Al3+ ions in solution that are known to impact dissolution kinetics of 
glasses [19, 20].  Our recent work shows the importance of glassy mesostasis dissolution kinetics to basalt mineralization rates.
However, under the highly reducing conditions of our experiments, sulfate anions are not thermodynamically stable and would 
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be reduced to sulfide and bisulfide anions.  Aluminum complexes with these anions, such as AlHS2+, are known [21].  Perhaps 
formation of these weak sulfide complexes is combining with the impact of glassy mesostasis composition effects in unexpected 
ways to significantly impact the formation of carbonates with the basalts.   
7. Conclusion 
Supercritical CO2 injected into subsurface basalt formations is expected to dissolve into the formation waters, react with 
basalt, and subsequently precipitate as carbonates.  Evidence supporting this theory was derived from laboratory experiments 
where basalt samples, representing formations from North America, India, and Africa, were reacted with CO2 under relevant 
reservoir conditions for over 3 years.  When in contact with the mildly acidic CO2-saturated water, the primary minerals in 
basalts are unstable.  We believe that initial reactivity of basalts is largely determined by the glassy mesostasis component. 
Carbonate forming cations such as Ca, Mn, Mg, and Fe are released in to the formation pore waters until concentrations are 
sufficient to form carbonate.  The addition of H2S to the system impacts reaction rates, in some cases increasing the reactivity.  
On the other hand, formation of insoluble sulfide minerals in the presence of H2S appears to slow down carbonate formation with 
some basalts.  Although there are differences between conversion rates of CO2 into carbonate among the various basalts tested, it 
was clear that all have the ability to convert CO2 into a carbonate mineral.   
Basalt formations are located on every major continent.  Although detailed information is not always available, it is clear that
these formations could have a role in geologic sequestration strategies for climate management.  Field experiments are scheduled
in the near future to tests the mineralization kinetics established in these laboratory tests. 
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